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An experimental study of electric ﬁeld induced surface diﬀusion is presented. A stability analysis of conductive surfaces
subjected to a normal uniform electric ﬁeld shows that suﬃciently strong electric ﬁelds can destabilize a ﬂat surface, similar
to strain induced surface evolution in strain mismatched semiconductor thin ﬁlms. Further, electric ﬁeld gradients such as
those under a sharp electrode or in the fringe ﬁeld in a capacitor can drive surface diﬀusion, leading to nano-scale and
micro-scale surface structure growth. Experiments are conducted on gold surfaces at elevated temperatures around
250–350 C, subjected to electric ﬁelds of the order of 108–109 V=m. Growth of islands as ridges was observed, the height
of which was as high as 200 nm. A description of the initial surface normal velocity is developed by using the Maxwell–
Rowgoski solution for the fringe ﬁeld at the edge of a parallel plate capacitor.
 2007 Elsevier Ltd. All rights reserved.
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Fabricating ordered patterns of controlled shape, size and spacing at nanometer and micron scales has been
an important goal of nano-scale science and engineering during the past decade. Some of the applications
envisaged for such processes include quantum dot devices, nano-composites and high density data storage
devices. Most of the existing nanofabrication techniques can be loosely described as either top-down type or
bottom-up type. The top-down approach consists of examples such as photolithography, X-ray lithography,
electro-deposition, scanning probe or electron beam lithography etc., which typically involve controlled
micro- and nano-scale material removal (micro- and nano-scale surface and bulk machining) to achieve pat-
terned structures. On the other hand, in the bottom-up approach, one tries to exploit certain energetic or con-
ﬁgurational forces acting at nano- and micro-scales to drive a self-assembly process. Typically, conﬁgurational
forces arise as a result of a system’s attempt to minimize its total free energy and the associated competition0020-7683/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijsolstr.2007.09.010
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ular structures in them are the most familiar examples of nano-scale self-assembly processes. At a slightly lar-
ger scale of a few tens to hundreds of nanometers, a well known example is the strain induced island formation
in epitaxial semiconductor thin ﬁlms. Self-assembly processes have a natural appeal because, in principle, it is
possible to drive a system to the desired ﬁnal state by simply ﬁne-tuning the initial state and process param-
eters such as temperature. However, there are some diﬃculties in making use of self-assembly to fabricate
devices of practical importance. For example, in the strain driven growth of semiconductor quantum dots,
the resulting nanostructures usually do not possess any spatial order and also end up with a non-uniform size
distribution because island locations are determined by random initiation sites. Thus, it is desirable to have a
technique that can combine the driving conﬁgurational forces that underlie self-assembly processes and the
spatial control that can be achieved in top-down processes. One of the goals of this paper is to suggest that
spatial control can be achieved through a guiding electric ﬁeld on the surface of electrically conductive mate-
rials. It is shown that, at suﬃciently high temperatures, a gradient in electric ﬁeld on the surface of a conductor
can induce diﬀusion, leading to surface evolution.
The basic idea that surface atoms can be manipulated and forced to move by means of strong electric ﬁelds
present at Scanning Tunneling Microscope (STM) tips is known for over a decade. There have been several
articles reporting evolution of surface morphology under STM scanning (Avouris, 1995; Li et al., 1996; Dulot
et al., 2000; Murphy et al., 2003). Avouris (1995) discusses several types of interactions between an STM tip
and individual surface atoms by which the latter can be manipulated. Li et al. (1996) demonstrated the inﬂu-
ence of STM tip on the atomic motion of Ag on Ag(110) and showed that the tip can displace monoatomic
steps over distances as large as several tens of nanometers. Dulot et al. (2000) showed that the surface mor-
phology of copper changes drastically upon repeated STM scanning even under standard tunneling parame-
ters. Similar results were reported by Murphy et al. (2003) on Fe surfaces. Although the above observations
were accompanied by qualitative descriptions of possible surface diﬀusion aided by the strong electric ﬁeld
present between the STM tip and the sample surface, there was no attempt to develop a quantitative descrip-
tion of the phenomenon. Later, Du and Srolovitz (2004) studied the stability of a surface in a parallel plate
capacitor in the context of how electric ﬁelds can have undesirable surface roughening eﬀect in nano- and
micro-scale contact switches in NEMS and MEMS devices. They showed that there exists a critical wave-
length, above which perturbations are energetically admissible and calculated the fastest growing perturbation
wavelength. More recently, Yang and Song (2005) presented a similar analysis, considering the eﬀect of elastic
energy as well. Chiu et al. (2006a,b) numerically studied the problem of surface instability under a uniform
electric ﬁeld and conﬁrmed the predictions of the Du and Srolovitz’s analytical model. It appears that exper-
imental studies of electric ﬁeld induced surface diﬀusion have been limited to the context of STM tip–surface
interaction and its undesirable eﬀects on STM imaging. Besides individual atom manipulation (Avouris,
1995), its potential to fabricate surface structures at nano to micrometer scales remains untapped. The work
presented in this paper is intended to be a starting point in developing a potential micro/nano-scale surface
fabrication technique based on electric ﬁeld induced surface diﬀusion. The objectives in this paper are limited
to illustrating the driving force for surface mobility due to an electric ﬁeld and demonstrating the phenomenon
experimentally.
Note the distinction between the recent work in the literature on processes such as LISA (Lithographically
Induced Self Assembly) (Chou and Zhuang, 1999a; Chou et al., 1999b; Suo and Liang, 2001) and other similar
techniques (Leach et al., 2005; Xiang et al., 2004; Schaeﬀer et al., 2000; Kim and Lu, 2006a,b; Lu and Kim,
2006), in which a polymer dielectric layer above its glass transition temperature is subjected to an electric ﬁeld,
which then undergoes a surface instability and develops islands. Such a technique deals with dielectric poly-
mers or liquids in which the mechanism of shape change is bulk ﬂow of the dielectric (governed by the Navier–
Stokes equation); whereas the phenomenon under discussion in this paper pertains to conducting materials
such as metals and doped semiconductors and the mechanism of shape evolution is surface diﬀusion. In
the following section, the driving force on a surface due to a focused electric ﬁeld is demonstrated ﬁrst, fol-
lowed by an examination of the stability of a surface in a parallel plate capacitor. Surface evolution in the
fringe ﬁeld of a ﬁnite parallel plate capacitor is then analyzed. Results from a preliminary experimental inves-
tigation are presented next, which demonstrate the growth of micro- and nano-scale islands under the inﬂu-
ence of applied electric ﬁeld and raise several issues for future study.
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In order to illustrate the driving force on the surface of a conductor due to an electric ﬁeld, consider the 2D
situation shown in Fig. 1(a). An electrode of width w is placed normal to a conducting surface at a distance d
and an electric potential diﬀerence V is applied between them. The electrode and the surface form a capacitor
and an electrostatic ﬁeld E ¼ V =d is established between them. To simplify the argument, the fringe ﬁeld near
the edges is ignored. In order to determine lower energy conﬁgurations of the surface, consider a small sinu-
soidal, island-like perturbation to the surface under the electrode, as shown in Fig. 1(b). Note that such a per-
turbation is non-mass conserving. As a result, the energy change calculations below are only approximate.
However, neglecting the fringe ﬁeld is a bigger approximation. Thus, although the following analysis is
approximate in a number of ways, it estimates the order of magnitude of the expected island height and moti-
vates the subsequent experimental eﬀort. The perturbation shown in Fig. 1(b) increases the surface area and
hence the surface energy of the system. The perturbation changes the shape of the gap as well, resulting in a
change in the electric potential energy. If the surface is stressed, the perturbation changes the elastic energy as
well (Freund, 1995; Srolovitz, 1989). However, for the sake of illustration, the solid is assumed to be stress
free. The increase in the surface energy can be calculated asFig. 1.
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Perturbation of a conductive substrate subjected to a localized electric ﬁeld. (a) An electrode close to a conductive surface sets up
tric ﬁeld in the gap. The two solids constitute a capacitor. (b) Stability of the ﬂat conﬁguration can be examined by considering
ental changes in free energy due to small sinusoidal surface perturbations.
Fig. 2.
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ð6ÞThe change in the stored charge on the capacitor plates is equal to ðC2  C1ÞV and the work done by the exter-
nal power supply in changing the stored charge is given byDW ¼ ðC2  C1ÞV 2 ð7Þ
Thus, the net change in the electrostatic potential energy can be expressed asDUE ¼ DWþ DU 0E ¼ 
eowV 2h
pd2
ð8ÞThe net change in the potential energy of the system due to the perturbation is given byDU ¼ DU s þ DU 0E ¼
p2c
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h ð9ÞThe change in the potential energy DU is schematically plotted as a function of the perturbation amplitude h in
Fig. 2. Note that DU is minimum at ho given by Eq. (10), which corresponds to equilibrium perturbation
height ho,ho ¼ 2eow
2E2
p3d2c
ð10ÞThus, starting from a ﬂat conﬁguration, there is an energetic driving force or a conﬁgurational force on the
surface to form an island of height ho, if there is a physical mechanism to do so. At a suﬃciently high tem-
perature, such a mechanism is provided by surface diﬀusion, which drives the surface towards the new equi-
librium shape. For an electric ﬁeld of E ¼ 109 V/m and c  1 J=m2, estimates of equilibrium perturbation
height from Eq. (10) are shown in Table 1. Note that the values of ho are suﬃciently large to generate phys-
ically useful island dimensions. Although electric ﬁelds of such high magnitude (109 V/m) can not be achieved
at atmospheric pressure due to dielectric break-down, it is possible to apply such high ﬁelds at high vacuum of
 105–107 torr. From the length scales shown Table 1, it follows that focused electric ﬁelds can be applied to
a conducting surface to guide surface diﬀusion and assemble nano- and micro-scale structures in any desired
pattern and size distribution.
3. Stability of a conducting surface in a parallel plate capacitor
In the example illustrated above, surface diﬀusion is driven by an electric ﬁeld focused in a small region.
Thus, diﬀusion is driven by the electric ﬁeld gradient. It is also interesting to examine whether the surface
of a conductor can evolve even under a uniform electric ﬁeld, such as that in a parallel plate capacitor. This
problem was also considered by Du and Srolovitz (2004) and the results derived here are somewhat similar to
their analysis. Consider the parallel plate capacitor geometry shown in Fig. 3, where the plate dimensions areΔU
h
ΔUmin
ho
Schematic illustration of energy variation (DU ) with perturbation amplitude h. Note that DU is minimum at ho given by Eq. (2),
onding to the equilibrium perturbation height.
Table 1
Equilibrium perturbation amplitude from Eq. (2) for E ¼ 109 V=m and c ¼ 1 J=m2
w (nm) 100 200 500 1000
ho (nm) 5.7 22.8 143 570
V d
V x
y
λ 
= λ
πη xsiny 2
Fig. 3. Electric ﬁeld induced surface instability in a parallel plate capacitor. (a) Initial surface geometry. (b) Perturbed geometry of the
surface.
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plates sets up a uniform electric ﬁeld E ¼ V =d in the capacitor. It is also assumed that the surface mobility
of the top plate is small compared to that of the bottom plate so that perturbations of the type shown in
Fig. 3b are examined. As shown in Fig. 3, the perturbation wavelength if k and its amplitude is g. The change
in the surface energy in one wavelength can be evaluated to beDU s ¼ p
2cg2
k
ð11ÞIn order to evaluate the change in the electrostatic energy due to the perturbation, the capacitance of the per-
turbed conﬁguration within one wavelength C2 can be evaluated asC2  eod 1þ
g2
2d2
 
k ð12Þfor small values of gðg=d 1Þ. Thus, the change in the electric potential energy is given byDUE ¼  eokV
2g2
4d3
ð13ÞIgnoring elasticity, the net change in the potential energy due to the perturbation can be expressed asDU ¼ p
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g2 ð14ÞThe critical wavelength kc above which the perturbations are energetically admissible is obtained by setting
DU ¼ 0 and can be expressed askc ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4p2dc
eoE2
s
ð15ÞIn contrast to the case of focused electric ﬁeld considered in the previous section, even a uniform electric ﬁeld
can lead to surface roughening and island growth. This situation is similar to strain induced island growth in
epitaxial ﬁlms where the surface energy and the elastic energy compete with each other. In the current prob-
lem, the reservoir of elastic energy in the solid is replaced with a reservoir of electric ﬁeld energy in the space
outside the solid. For E ¼ 109 V=m, c  1 J=m2, eo ¼ 8:85 1012 C2=Nm2, typical values of (d,kcÞ are:
(10 nm, 210 nm), (100 nm, 670 nm) and ð1 lm, 2:1 lmÞ. Thus, the above analysis suggests that, by choosing
948 V. Gill et al. / International Journal of Solids and Structures 45 (2008) 943–958appropriate values for d and E, it should be possible to drive a self-assembly process to create surface islands
on conducting surfaces at micron to nano-scale.
In order to determine the fastest growing perturbation mode, consider the kinetics of surface evolution. By
following a procedure similar to that of Freund (1995), a surface chemical potential can be deﬁned to describe
surface evolution for a stressed elastic solid in the presence of an electric ﬁeld. Consider a segment of the sur-
face shown in Fig. 4, that represents a part of an evolving surface under an electric ﬁeld. For example, this can
be the evolving surface under the electrode in Fig. 1 or that in the parallel plate capacitor in Fig. 3. The space
outside the solid stores electric ﬁeld energy of density UE. One might consider the stored elastic energy density
U e of the solid as well, in case the solid is strained. The free energy of the system consists of the elastic energy,
the electric ﬁeld energy and the surface energy. If B is the volume of the solid, B is the volume outside the
surface and S is the surface, then the free energy F, as a function of time t can be written asFig. 4.
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cdS ð16Þwhere c is the surface energy per unit area. The surface evolves with a normal velocity V n. If there is no ex-
change of energy between the system (consisting of the elastic solid, its surface, the space ﬁlled with electric
ﬁeld and the battery that maintains a constant potential diﬀerence between the electrodes) and the external
world, the rate of change of free energy can be written as_F ðtÞ ¼
Z
S
½U e  UE  jcV n dS ð17Þwhere j is the sum of the principal curvatures of the surface. Hence, the local excess electro–elastic chemical
potential (per atom) can be deﬁned asl ¼ ½U e  UE  jcX ð18Þ
where X is the atomic volume. The gradient in the chemical potential l is the energetic driving force for surface
evolution. Setting the diﬀusion ﬂux proportional to the chemical potential gradient and using mass conserva-
tion, the surface normal velocity can be expressed asV n ¼ dDXkT r
2l ð19ÞHere dD is surface diﬀusivity (D) times a characteristic thickness ðdÞ over which diﬀusion is supposed to take
place. k is the Boltzman constant, T is the absolute temperature and r2 is the Laplacian operator on the sur-
face. Eq. (19) is the governing equation for surface evolution, which needs to be solved along with appropriate
initial and boundary conditions.
For small perturbations in Fig. 3b, the electric ﬁeld along the surface can be approximated asEðxÞ ¼ V
d yðxÞ ð20ÞVn
Material under stress with 
elastic energy density Ue
 space with electric field 
energy density UE
surface energy per 
unit area γ 
Schematic illustration of a conductive solid with an evolving boundary in the presence of an electric ﬁeld outside it. The surface
l velocity is V n.
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of the surface becomeslðxÞ ¼  eoV
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X ð21Þwhere the approximation is valid for g=d 1. For small slopes, the normal velocity V n and the curvature j
can be approximated as dy=dt and d2y=dx2, respectively. Substituting these approximations and Eq. (21) in Eq.
(19) results in an evolution equation for the perturbation amplitude g, the solution for which isg ¼ go exp
dDX
kT
4p2eoV 2
k2d3
 16p
4c
k4
 
t
	 

ð22Þwhere go is the initial perturbation amplitude. The coeﬃcient of t in the exponent, denoted by rðkÞ, can be
regarded as the growth rate of the perturbation of wavelength k. The critical wavelength kc in Eq. (15) can
be recovered by setting rðkÞ ¼ 0. A non-dimensional plot of rðkÞ as a function of the wavelength, shown in
Fig. 5, reveals that the fastest growing perturbation mode is given bykm ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
8p2dc
eoE2
s
¼
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2
p
kc ð23ÞThe characteristic time for the fastest growing mode can be deduced to bes ¼ 2kTd
2c
dDXe2oE
4
ð24Þs can be interpreted as the time for the perturbation amplitude to grow by a factor of e. It is instructive to
examine the magnitude of s for gold at a temperature of 250 C under an applied electric ﬁeld of
5 · 108 V/m and a gap d of 0.2 lm. The surface diﬀusivity of many FCC metals can be described by (Philibert,
1991),D ¼ 7:4 102 expð15TM=T Þ cm2=s for T > 0:75TM
D ¼ 14 102 expð7TM=T Þ cm2=s for T < 0:75TM
ð25Þwhere T is the absolute temperature and TM is the melting temperature of the metal. Using the above values,
along with d ¼0.5 nm, X ¼ ð0:5 nmÞ3, TM ¼ 1338 K and T ¼ 250 	C, the characteristic time is calculated to be
about 8000 s. Increasing the temperature by 50 C decreases this characteristic time to about 400 s. Thus, theλ /λc
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Fig. 5. Non-dimensional perturbation growth rate as a function of its wavelength, showing the fastest growing mode.
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within several minutes, times which are potentially usable for practical applications.4. Surface evolution at the edge of a ﬁnite parallel plate capacitor
It will become clear in the following section that the electrode and sample geometry employed in the exper-
iments reported in this paper form a ﬁnite parallel plate capacitor, as illustrated in Fig. 6a. The width of thex
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Fig. 6. (a) Schematic illustrationof aﬁnite parallel plate capacitor, approximating the experimental geometry.Bothplates extend to inﬁnity in
the negative x direction. The top plate ends at x = 0 and the bottom plate extends to inﬁnity in positive x direction. The ﬁeld is uniform in the
interior.Near the edges (fringe ﬁeld), the ﬁeld gradient ismaximum, providing highest driving force for surface diﬀusion. (b) Themagnitude of
the electric ﬁeld near the edge of the ﬁnite plate. (c) A plot of the surface normal velocity vn due to the fringe ﬁeld induced surface diﬀusion.
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over -1 < x 6 0 and y ¼ d, whereas the bottom electrode extends over -1 < x <1 and y = 0. When a volt-
age is applied between the two plates, the electric ﬁeld is zero well outside the top plate at x=d 1, thus there
is no driving force for diﬀusion there. In the interior of the capacitor, x=d 1, the electric ﬁeld is uniform and
the only driving force for surface evolution arises from the surface instability described in the previous section.
However, near the edge of the top plate ðx=d  0Þ, the fringe ﬁeld causes a strong gradient in the electric ﬁeld
at the surface of the bottom plate, resulting in a driving force for surface diﬀusion. It is useful to calculate the
surface normal velocity proﬁle within the fringe ﬁeld, which can serve as a reference for interpreting the exper-
imental results described in the next section.
The solution for the electric ﬁeld near the edge of a ﬁnite parallel plate capacitor was ﬁrst given by Maxwell
(1979), which was further developed by Rogowski (1923). A summary of the solution is given by Cobine
(1941). Let the potential of the bottom plate be zero, that of the top plate be V o and the potential at a point
in space be V. Then, the non-dimensional potential is deﬁned as w ¼ pV =V o and its conjugate harmonic poten-
tial is /. Then the fringe ﬁeld is given byx ¼ d
p
½1þ /þ e/ cos w; y ¼ d
p
½wþ e/ sin w ð26ÞFrom Eq. (26), the electric ﬁeld near the surface of the bottom plate can be derived to beEðx; y ¼ 0Þ ¼  V o
dð1þ e/Þ ð27ÞThe negative sign indicates that the ﬁeld points in the negative y direction. In order to determine the electric
ﬁeld at the coordinate (x, 0) on the bottom plate, Eq. (28) is solved for / and used in Eq. (27).x
d
¼ 1
p
½1þ /þ e/ ð28ÞIn order to get an evolution equation for the surface, Eqs. (18) and (19) are used as before. However, if one
starts from an initially ﬂat surface, the surface energy term drops out of Eq. (18). Again, ignoring the elastic
energy, the surface normal velocity is obtained asvn ¼ p
2eoE2odDX
d2kT
e/  3e2/
ð1þ e/Þ6
" #
ð29Þwhere Eo ¼ V o=d. Note that Eq. (29) represents only the initial velocity proﬁle. The magnitude of the electric
ﬁeld is plotted in Fig. 6b and the surface velocity proﬁle obtained from Eq. (29) normalized with a reference
velocity vo is plotted in Fig. 6c. The deﬁnition of vo is shown on Fig. 6c. Although the initial velocity proﬁle
suggests the formation of a hill along with a valley next to it, only a complete numerical simulation can reveal
whether such a valley will persist when the evolving surface topography is considered in solving the coupled
electrostatics–surface diﬀusion problem. Such a simulation, currently being carried out by the authors, reveals
that the depth of the valley quickly becomes a small fraction (10–20%) of the height of the hill. Thus, it ap-
pears that the valley shown in Fig. 6 may not be signiﬁcant with respect to experimental observations. The
maximum normal velocity vmax can be approximated to be 0.04 vo. Using the only geometrical length scale
in the problem, d, a characteristic time for the growth of the ridge can be deﬁned as s0 ¼ d=vmax, which is a
measure of how fast the ridge begins to form. For the parameters used at the end of the previous section
at 250 C, s0 is estimated to be 4400 s and at 300 C, s0  1000 s. These estimates suggest that surface diﬀusion
near the edge should result in island or ridge formation at the edge in several minutes under the stated
conditions.
5. Experimental observation of electric ﬁeld induced surface diﬀusion
Observations of the inﬂuence of electric ﬁeld on surface diﬀusion have so far been limited to STM tip–sur-
face interactions (Avouris, 1995; Li et al., 1996; Dulot et al., 2000; Murphy et al., 2003), mainly as a means for
single atom manipulation. This section presents an experimental investigation to demonstrate electric ﬁeld
952 V. Gill et al. / International Journal of Solids and Structures 45 (2008) 943–958induced bulk/continuum surface diﬀusion at micron and sub-micron scales. The experimental results are inter-
preted with reference to the analyses developed in the preceding sections. The eventual goal of this eﬀort is to
develop a fabrication technique for small scale surface features on conducting materials.
Experimental development consisted of two stages: (i) sample design, in order to apply high electric ﬁelds
and (ii) design and construction of a process chamber which can heat the sample and maintain high vacuum,
which is necessary to minimize surface oxidation. The sample design is shown schematically in Fig. 7. The top
and bottom electrodes are made of titanium and gold, respectively, and are 100–200 nm thick. Since the melt-
ing temperature of titanium (1660 C) is substantially higher than that of gold (1064 C), the latter is expected
to undergo surface diﬀusion more readily than titanium. Hence, the gold electrode is the surface of interest in
the experiments. Also, the choice of gold for sample surface was governed by its greater resistance to surface
oxidation under high vacuum conditions compared to other conductors. While preparing the electrodes, gold
ﬁlms are deposited on top of a thin (25 nm) titanium ﬁlm to promote adhesion to the glass substrate. The elec-
trodes are essentially thin lines oriented perpendicular to each other and held at a gap of 200 nm from each
other as illustrated in Fig. 7. The gap between the electrodes is maintained by alumina ‘‘spacers’’ which are
300–400 nm thick, resulting in an electrode spacing of about 200 nm; the spacing can be varied readily by
changing the alumina ﬁlm thickness. The peak–peak roughness of the electrode surfaces is measured to be
about 6 nm, which is much smaller than the electrode spacing. However, long wavelength waviness of the glass
plates prevents intimate contact everywhere on the sample surface. Intimate contact is realized only in limited
regions of the sample surface. Growth of islands, to be described later, was observed only in these regions of
good contact. The width of the electrodes was varied between 100 and 25 lm. Since the break-down strength
of most dielectrics is less than the electric ﬁeld applied in the experiment ðE  108–109 V=mÞ, the sample is
designed in such a way that the ﬁeld is concentrated only in the air gap between the two electrodes within
the overlapped area and nowhere else. The samples are fabricated through the standard microfabrication
methods and assembled in the Brown University clean-room. The assembled sample is held in a macor ﬁxture,
which is heated by a nozzle band heater, as illustrated in Fig. 8.
Since air at atmospheric pressure breaks down at around 106–107 V=m, a high vacuum chamber was con-
structed to run the experiments, which operates at around  107 torr, which also helps reduce oxidation of
the electrodes at elevated temperatures. Through the course of the experiments, it was found that such a vac-
uum can support an electric ﬁeld of the order of 109 V=m. The chamber vacuum is maintained by a mechanical
pump (BOC Edwards, Model: E2M1.5) and a turbo pump (BOC Edwards, Model: EXT70H). Photographs ofGlass substrate 
Alumina spacers,
300 nm thick 
Gold film 
100 nm thick 
Al2O3 E
glass
glass
l2 3 Au
Ti
Glass substrate 
Titanium electrodes 
V
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c d
b
Fig. 7. Schematic illustration of the sample design to study electric ﬁeld induced surface diﬀusion. (a) A 100 nm thick gold ﬁlm on a glass
plate is ﬂanked by 300 nm thick alumina ﬁlms, which act as ‘‘spacers’’ to maintain a distance of 200 nm between the top titanium
electrodes and the bottom gold electrode. (b) The top titanium electrodes are patterned on the top glass plate. (c) The plate in (b) is turned
up side down and brought into contact with alumina spacers in (a). The width of the top and the bottom electrodes was varied between 100
and 25 lm. The top glass plate is not shown for clarity. (d) The cross-section of the assembled sample, carrying the electric ﬁeld between
the electrodes. Note that none of the dielectrics in the sample are subjected to the electric ﬁeld in this design to prevent their break-down.
Gold
Electrode
Heater
Macor
Housing
Titanium
Electrodes
V Dummy
Electrode
Fig. 8. Schematic illustration of the setup with the sample in the middle of a macor ﬁxture which is heated on the outside by a nozzle-band
heater.
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the experiments are carried out over a temperature range of 220–300 C. During every experiment, resistance
between the electrodes is monitored continuously to ensure that it remains ‘‘inﬁnite’’ (above the upper limit the
measuring instrument) and to ascertain that a short circuit does not develop. In order to isolate the eﬀect of
the electric ﬁeld, each sample contains some ‘‘dummy’’ titanium top electrodes to which the electric ﬁeld is not
applied; these are the ‘‘control’’ electrodes. Since they are parallel to and next to the ‘‘live’’ electrodes, diﬀer-
ences in the surface morphology between the live and control electrodes can be attributed to the applied elec-
tric ﬁeld. An AFM image of the grain structure of gold ﬁlm before the experiment is shown in Fig. 10, which
also shows a line-scan of height variation. The grain size in this polycrystalline ﬁlm varies between 30 and
100 nm.
Since the width of the electrode is much higher than the gap, each edge of the overlap area between the
electrodes is well approximated by the illustration in Fig. 6a. The ﬁeld is uniform over most of the electrodeFig. 9. (a) A photograph of the process chamber constructed for the current experiments. (b) A close up view of the sample housing along
with a heating element around it.
954 V. Gill et al. / International Journal of Solids and Structures 45 (2008) 943–958area, except near the edges where a fringe ﬁeld exists. Hence, most of the activity in the experiments is expected
near the edges, where the sample surfaces were imaged with an Atomic Force Microscope (AFM) after each
experiment. The experiments show formation of islands and ridges near the edge of the applied electric ﬁeld, as
shown in Figs. 11 and 12, in which the approximate location of the edge of the top electrode is shown as a
white dashed line. The applied electric ﬁeld in all cases was about 5 108 V=m. Fig. 11(a) shows an AFM
image of the edge region of a sample, which was held at a temperature of 240 C for 3 h. The sample area
outside the electric ﬁeld remains almost undisturbed, whereas the electric ﬁeld side shows growth of a popu-
lation of islands. The height of the islands varies between a few nanometers and 200 nm. The in-plane dimen-
sion of the islands varies from a fraction of a micron to about 2 lm. Note that the vertical magniﬁcation in
Fig. 11 is much higher than the in-plane magniﬁcation, which causes the islands to appear like pillars,
although they are more like shallow domes. Also, note that the in-plane dimension of 1–2 lm is several times
the average grain size (30–100 nm) of the gold ﬁlm. Most of the islands initiated along the edge, along with a
few just inside as well. The later stage of the process leading to the formation of such a population of islands
was captured in another experiment of 7 h duration at 350 C, which is shown in Fig. 11(b). At the edge, the
islands nearly coalesce with each other, appearing to form an almost continuous ridge. Further, the density of
the islands is highest near the edge and decreases gradually towards the interior. Another experiment under
similar conditions, shown in Fig. 11(c), results in a continuous ridge. However, even on the same sample,
appearance of islands as in Fig. 11(a) and (b) was far more frequent than the ridge. Distinction between exper-
imental conditions leading to a ridge and those leading to islands has not been established with the data avail-
able so far. Fig. 12 (a) and (b) show AFM images of two bands of islands formed at the two edges of thex (μm)
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Fig. 10. Grain structure of gold ﬁlm before the experiment, showing grain size variation between 30 and 100 nm. Height variation along a
line is shown at the bottom. The RMS roughness is approximately 6 nm. In-plane scale bar for the ﬁgure is provided by the abscissa of the
plot at the bottom.
Fig. 11. Representative experimental results. The dashed line is the approximate location of the edge of the top titanium electrode. The
electric ﬁeld was about 5 109 V=m in all cases. (a) T ¼ 350 	C, t ¼ 7 h. (b) T ¼ 240 	C, t ¼ 3 h. (c) T ¼ 240 	C, t ¼ 3 h.
Fig. 12. Experimental results showing two bands of islands near either edge of the Ti electrode. (a) The width of the electrode is 50 lm,
T ¼ 280 	C, t ¼ 4:5 h. (b) Electrode width = 25 lm, T ¼ 280 	C, t ¼ 4:5 h. (c) A line scan of the islands showing the island height
distribution.
V. Gill et al. / International Journal of Solids and Structures 45 (2008) 943–958 955
956 V. Gill et al. / International Journal of Solids and Structures 45 (2008) 943–958titanium electrode of width 50 and 25 lm, respectively. Fig. 12(c) shows a line scan across a group of islands,
showing the island height distribution.
The above experimental observations accomplish the primary goal of demonstrating that electric ﬁeld gra-
dients can induce surface diﬀusion on conducting surfaces at micron to sub-micron scales and can form sur-
face structures at useful length scales. Most of the activity is primarily conﬁned to the electrode edges, where
the gradient in the electric ﬁeld provides a strong driving force for surface mobility. The analyses of the pre-
ceding sections suggest that surface evolution and island formation in the present experimental geometry can
occur through two mechanisms: (i) surface evolution in the gradient ﬁeld near the edges and (ii) surface insta-
bility in the uniform ﬁeld region in the interior of the capacitor. It appears that, under the prevailing exper-
imental conditions, the former is mechanism operates more readily than the latter. This can be veriﬁed by
examining the characteristic growth times in each case. As already shown in the preceding sections, for
T ¼ 250 	C, d ¼ 0:5 nm, X ¼ ð0:5 nmÞ3, TM ¼ 1338 K, d ¼ 0:2 lm, and E ¼ 5 108 V=m, the characteristic
time for the growth of islands in the uniform ﬁeld region (deﬁned as the time for growth of islands to approx-
imately 1.6 times the initial amplitude) is about 8000 s. At the same parameters, the characteristic time for
growth of islands at the edge of the capacitor (deﬁned as the time for growth of the islands to the gap height)
is about 4400 s. Note the diﬀerence in the deﬁnition of characteristic time in each case. Thus, it would take
roughly 4 103 s for the edge islands to grow to a height of 200 nm; whereas, starting from an initial rough-
ness of 6 nm, it would take approximately 6 104 s for the interior surface instabilities to grow to a compa-
rable height. The time for the interior instability to result in observable features appears to be beyond the
duration of the present batch of experiments. Thus, it is not surprising that observed islands were predomi-
nantly located near the electrode edges.
It is worth noting from Fig. 12 that the islands that form along the electrode edge form a band, the width of
which is 5–10 lm. However, from Fig. 6, a strong gradient in electric ﬁeld is conﬁned to a width of about
5d  1 lm. Clearly, the growth of islands extends beyond the area of strong gradient, although at a decreasing
density, into the area of uniform ﬁeld. This observation points to a coupling between the two island growth
mechanisms discussed earlier, which can be qualitatively described as follows. As discussed above, the rate of
growth of instability in the interior is initially low because the amplitude of the initial perturbation (or, rough-
ness) is small. However, as the islands grow near the edge due to the gradient eﬀect, they provide higher per-
turbation amplitude for the instability to grow in the adjacent uniform ﬁeld region. Thus, growth of islands is
expected to proceed progressively from the edge towards the interior, with decreasing density and amplitude,
consistent with the experimental observations. A quantitative model to describe such a coupling is a promising
problem for future research. Also, note that the lateral dimension of each island is either sub-micron or of the
order of a micron. Hence, if the width of the electrode is decreased from the current dimension of tens of
microns to a micron or sub-micron scale, it is likely that each electrode can result in a single feature (ridge
or island), similar to the illustration in Fig. 1(b). It would then be possible to grow patterned surface features
of any desired size and spatial distribution by fabricating a corresponding electrode template. Such a capabil-
ity would have several useful applications such as catalyst patterning for ordered carbon nanotube growth.
Eﬀect of electrode dimension at smaller scale on island growth is currently under investigation by the authors
and will be reported elsewhere.6. Concluding remarks
The work presented here illustrates the concept of electric ﬁeld induced surface diﬀusion at a continuum
scale and demonstrates it experimentally. In the foregoing discussion, the stress in the sample layer has been
ignored while considering the competition between the electric ﬁeld energy and the surface energy. Usually,
stress of the order of 1 GPa or more is necessary for elastic energy to play a signiﬁcant role in surface evolu-
tion. Thus, ignoring elastic stresses is justiﬁed in suﬃciently thick metals ﬁlms with low yield stress
(100 MPa). However, thin conﬁned metal ﬁlms can sustain stresses of the order of 1 GPa. Moreover, stresses
of the order of 1 GPa or more are common in semiconductor thin ﬁlms and in ﬁlms of so-called low mobility
materials such as diamond. In such cases, it will be necessary to consider the combined inﬂuence of the elastic
energy and the electric energy on surface evolution. For a sinusoidally perturbed surface considered in Section
V. Gill et al. / International Journal of Solids and Structures 45 (2008) 943–958 9573, it can be shown that, in the combined presence of a sample stress r and an electric ﬁeld E, the growth rate of
the amplitude ðgÞ of a perturbation of wavelength k can be written as_g ¼ 16p
3 1 m2ð Þr2
Ek3
þ 4p
2eoE2
dk2
 16p
4c
k4
 
g ð30Þwhere the ﬁrst two terms in the parenthesis on RHS are destabilizing terms due to stress and electric ﬁeld,
respectively, whereas the third term is the stabilizing term due to surface energy. From Eq. (30) it is clear that
the electric ﬁeld and the elastic ﬁeld ‘‘work together’’ to destabilize the surface. Thus, in stressed ﬁlms, it would
be easier to achieve ‘‘guided assembly’’ of isolated islands through focused electric ﬁeld since the existing stress
can provide the primary driving force and the electric ﬁeld needs to provide only an additional guiding force to
initiate an island at the targeted site. In case of a uniformly strained ﬁlm, driving force for instability is equally
present everywhere on the ﬁlm. As a result, the ﬁnal locations of the islands are determined by random initi-
ation sites determined by surface perturbations. Using focused electric ﬁelds of suﬃciently high magnitude, it
should be possible to control the island nucleation sites. Thus, the possibility of combining elastic and electric
driving forces to achieve controlled pattern growth appears to be a promising area of future research.
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